In Brief
Robinson et al. analyze genomic, morphological, and simulated data to understand why island foxes do not suffer from inbreeding depression and rapidly rebounded from recent bottlenecks, despite having low genomic diversity and an elevated number of deleterious alleles. They suggest purging of recessive deleterious alleles as a possible mechanism.
SUMMARY
The recovery and persistence of rare and endangered species are often threatened by genetic factors, such as the accumulation of deleterious mutations, loss of adaptive potential, and inbreeding depression [1] . Island foxes (Urocyon littoralis), the dwarfed descendants of mainland gray foxes (Urocyon cinereoargenteus), have inhabited California's Channel Islands for >9,000 years [2] [3] [4] . Previous genomic analyses revealed that island foxes have exceptionally low levels of diversity and elevated levels of putatively deleterious variation [5] . Nonetheless, all six populations have persisted for thousands of generations, and several populations rebounded rapidly after recent severe bottlenecks [6, 7] . Here, we combine morphological and genomic data with population-genetic simulations to determine the mechanism underlying the enigmatic persistence of these foxes. First, through analysis of genomes from 1929 to 2009, we show that island foxes have remained at small population sizes with low diversity for many generations. Second, we present morphological data indicating an absence of inbreeding depression in island foxes, confirming that they are not afflicted with congenital defects common to other small and inbred populations. Lastly, our population-genetic simulations suggest that long-term small population size results in a reduced burden of strongly deleterious recessive alleles, providing a mechanism for the absence of inbreeding depression in island foxes. Importantly, the island fox illustrates a scenario in which genetic restoration through human-assisted gene flow could be a counterproductive or even harmful conservation strategy. Our study sheds light on the puzzle of island fox persistence, a unique success story that provides a model for the preservation of small populations.
RESULTS

Minimal Impact of Recent Demography on Island Fox
Genomes Previous analysis of whole genome sequences from island foxes sampled in 1988 revealed dramatically reduced levels of diversity and increased levels of putatively deleterious alleles relative to the mainland gray fox [5] . On the smallest island, San Nicolas, the population is nearly monomorphic across its entire genome [5] . Beginning in the 1990s, four populations declined >90% due to novel predators (San Miguel, Santa Rosa, and Santa Cruz) and disease (Santa Catalina) but subsequently rebounded under human management in the fastest recovery of any mammal under the Endangered Species Act to date [6, 7] . We sequenced whole genomes of foxes sampled in 2000-2009 from each island to determine whether recent extreme bottlenecks reduced variation or whether very low genetic variation is a persistent feature of island fox genomes. Additionally, we sequenced DNA isolated from bone fragments from a 1929 San Nicolas island fox and DNA from a Northern California gray fox. Combined with existing sequences, our dataset includes 16 genomes with 133-233 coverage (Table S1 ). All sequences were aligned to the domestic dog (Canis familiaris) reference genome canFam3.1. Phylogenetic analyses show that island fox genomes cluster by population and that southern and northern island populations define distinct clusters, consistent with prior studies (Figures 1A, 1B , and S1) [4, 5, 8, 9] .
Overall, we did not find significant changes in genome-wide heterozygosity between island foxes sampled from the same population at different times ( Figure 1B ). Among populations that bottlenecked in the 1990s, two genomes showed slightly higher heterozygosity after 2000 than in 1988 (Santa Catalina and Santa Cruz), whereas two showed slightly lower heterozygosity (San Miguel and Santa Rosa). Similarly, in San Nicolas and San Clemente, genome-wide heterozygosity was essentially unchanged from 1988 to after 2000. These minor differences between genomes over time are not statistically significant (Wilcoxon signed-rank test, p = 1) and may be expected due to small inter-individual differences in heterozygosity. Robinson et al. [5] hypothesized that the genomic flatlining of San Nicolas foxes may have resulted, in part, from a suspected bottleneck in the 1970s [10] . However, the 1929 genome bears exceptionally low diversity (1.33 3 10 À5 heterozygotes/base pair), similar to genomes from 1988 and 2000 (mean = 1.35 3 10 À5 heterozygotes/base pair) ( Figures 1B and 1C ). The genomic flatlining of San Nicolas foxes is therefore an enduring characteristic of this population, underscoring the mystery concerning its long-term persistence.
Previous analysis of remnant peaks of heterozygosity in San Nicolas genomes revealed strong enrichment for olfactory function [5] . We revisited the question of whether patterns of heterozygosity in San Nicolas foxes are consistent with neutral evolution or the result of selection maintaining diversity at functionally important loci. Among peaks of heterozygosity from all four San Nicolas genomes, only 43.9% were present in two or more individuals. The 1929 genome was the most divergent, with only 41.5% of its peaks shared with at least one other individual, suggesting that peaks of heterozygosity are not strongly conserved over time. We conducted coalescent simulations [11] under plausible models of San Nicolas demographic history [5] to determine whether variation in the sequenced genomes is predicted by these neutral demographic models. We found that the empirical numbers of peaks, average peak widths, and proportions of shared peaks all fell within the middle 95% of values obtained through simulation (Table S2 ), suggesting that demographic processes alone can account for empirical patterns of variation in peaks of heterozygosity within and between San Nicolas fox genomes.
Despite the lack of evidence that peaks of heterozygosity are constrained by selection, peaks in the 1929 and 2000 San Nicolas genomes are strongly enriched for olfactory receptor (OR) genes (p % 3.57 3 10 À16 ), as they are in the genomes from 1988 (p % 2.78 3 10 À15 ) (Table S3 , KEGG: 04740). Strikingly, 39.3%-50.7% of peaks in San Nicolas genomes overlap OR genes. However, these peaks vary between individuals; 37.2% of peaks containing OR genes are found in only one San Nicolas genome, despite consistency in coverage and peak thresholds (1.67-1.72 3 10 À4 heterozygotes/base pair) across all four individuals. Peaks of heterozygosity in mainland gray fox genomes are also enriched for OR genes (p % 4.98 3 10 À3 ). Enrichment of OR genes in gray fox peaks is unsurprising, since OR genes are highly variable in mammals generally, suggesting that they have an elevated rate of evolution [12] . Given high initial variation, OR genes may be among the last to lose diversity as drift erodes heterozygosity in island genomes over time. Alternatively, high variation in OR gene regions may be due to alignment errors, since OR gene repertoires evolve rapidly through gene duplication, pseudogenization, and loss [12] . Nonetheless, even if peaks of heterozygosity containing OR genes result from read misalignment, the fact that peaks are not consistently observed across San Nicolas foxes implies that some variability, either copy-number variation or true heterozygosity, persists in these regions.
We found that levels of non-neutral variation are largely similar between island fox genomes sampled at different times. Figure S1 and Table S1 . Comparison of heterozygosity at zero-fold and four-fold degenerate sites within protein-coding regions (i.e., sites where all or none of the possible nucleotide changes alter the encoded amino acid, respectively) showed that island fox genomes have a high ratio of amino-acid-changing to non-amino-acidchanging variants relative to gray foxes ( Figure 2 ). We calculated heterozygosity within a set of putatively neutral loci across the genome as a proxy for effective population size. Together, the elevated proportions of putatively damaging mutations at zerofold degenerate sites and the reduction in neutral heterozygosity demonstrate the genomic consequences of enhanced drift relative to selection on the islands. Neutral diversity and ratios of zero-fold to four-fold heterozygosity were essentially unchanged between genomes from 1988 and after 2000. All San Nicolas genomes showed a strongly elevated ratio of heterozygosity at zero-fold relative to four-fold degenerate sites, although the small number of heterozygous sites produces high variance of this statistic [5] . We further examined predicted loss-of-function (LOF) and putatively deleterious missense mutations ( Figure S2 ; Table S4 ). Across all populations, island foxes had elevated homozygosity of derived alleles, with more than double the number of homozygous LOF and deleterious missense alleles compared to gray foxes (p < 1.75 3 10 À10 ). Further, island genomes contained an excess total number of putatively deleterious alleles per genome. Relative to gray foxes, island foxes from 1988 had 2.3% more deleterious missense alleles (p = 1.11 3 10 À10 ) and 4.9% more LOF alleles (p = 2.43 3 10 À3 ) per genome, and island foxes from after 2000 contained 1.7% more deleterious missense alleles (p = 4.68 3 10 À9 ) and 3.3% more LOF alleles per genome (p = 0.0560). Thus, regardless of whether deleterious mutations are additive or recessive, island foxes are predicted to have reduced fitness compared to gray foxes due to elevated homozygosity and an increased total number of deleterious alleles.
Congenital Skeletal Defects Are Rare in Island and Gray Foxes Previous studies of inbred carnivoran skeletons have found a suite of pathologies linked to low genetic diversity, particularly in the skull and vertebral column [13] [14] [15] . For example, a study of gray wolves (Canis lupus) on Isle Royale, Michigan, found that 58% of individuals exhibited vertebral anomalies within ten generations of the population's founding due to extreme inbreeding [15] . We inspected skulls (n = 141) and complete skeletons (n = 163) of adult foxes sampled in 1929-2013 from all six islands and the mainland to identify anomalies that could indicate inbreeding depression. Congenital deformities were present but rare in island foxes; among 119 specimens, only seven possessed developmental pathologies. Observed congenital defects included extra lumbar vertebrae (n = 1), lumbosacral transitional vertebrae (LSTVs; n = 1), sacrocaudal transitional vertebrae (SCTVs; n = 3), and maloccluded teeth (n = 2) (Figure 3A; Table S5 ). Among 43 San Nicolas specimens, only one congenital defect (maloccluded incisors) was observed. In contrast, traumatic pathologies indicating prior injuries, primarily from suspected vehicular collisions, were common in island foxes, as evidenced by specimens with bone fractures and indications of infection ( Figure 3B ; Table S5 ). Unlike the rare congenital malformations that we observed, vehicular impacts most likely compromise mobility and contribute to early mortality.
We note that although island foxes have low levels of congenital skeletal defects, this finding does not preclude the presence of soft tissue traits commonly associated with inbreeding, such as syndactyly and reproductive anomalies [16, 17] . Further study is needed to rule out the presence of such traits in island foxes, but they have not been previously reported despite over a decade of intensive management, including several years of captive breeding [6] , ejaculate quality assays [18] , and necropsy of road-killed individuals [19] .
Among 44 gray fox specimens, few pathologies were observed. Congenital defects in gray foxes included LSTV (n = 1), SCTV (n = 1), and achondroplastic dwarfism (n = 1). In contrast to island foxes, traumatic pathologies were uncommon in gray foxes. Healed fractures consistent with vehicular impacts were not observed, though we note that this may be due to ascertainment bias if road killed mainland foxes were less likely to be included in museum collections.
Using Fisher's exact test, we determined that there was no significant difference (p = 0.663) in the proportion of congenital defects between island foxes and mainland gray foxes (Figure 3A ). However, there was a significant difference between the islands in the proportion of probable collision injuries (p = 3.90 3 10 À3 ) ( Figure 3B ). We calculated relative risk scores and performed a permutation test to assess significant differences in collision injuries between populations (Table S5 ). We found that foxes on the three islands with paved roads and 
. Island Fox Genomes Contain High Proportions of Amino Acid-Changing Mutations and Low Neutral Diversity
A negative relationship exists between neutral genetic diversity (proxy for effective population size) and the ratio of heterozygosity at zero-fold relative to four-fold degenerate sites (proxy for efficacy of selection). Solid black lines connect individuals from the same population. The relationship holds even when removing San Nicolas (inset). See also Figure S2 and Table S4. substantial human habitation (Santa Catalina) or naval bases (San Clemente and San Nicolas) face significantly higher risks of vehicle collisions. No probable collisions were recorded in the Santa Cruz, Santa Rosa or gray fox samples. Overall, our morphological assessment supports the hypothesis that island foxes do not exhibit canonical signs of inbreeding depression, though some populations are adversely affected by vehicular traffic.
Predicted Genetic Variation in Large Mainland versus Small Island Populations
We hypothesized that the absence of inbreeding depression in island foxes may be attributed to purging of strongly deleterious recessive mutations in island populations relative to the mainland, despite the overall accumulation of deleterious variants observed in island genomes. To test this hypothesis, we conducted forward-in-time simulations [20] under a range of demographic models ( Figure 4A ), each consisting of a mainland population of 10,000 diploids giving rise to an island population with a final size of 1,000 diploids. After 10,000 generations, we counted the number of strongly deleterious (s < À0.01; Figure 4B), moderately deleterious (À0.01 % s < À0.001; Figure 4C ), weakly deleterious (À0.001 % s < 0; Figure 4D ), and neutral (s = 0; Figure 4E ) mutations per individual. To explore the impact of dominance, we performed one set of simulations with recessive mutations (h = 0) and one set of simulations with additive mutations (h = 0.5).
Results were strikingly consistent across all six demographic scenarios, indicating that the predominant factor driving levels of variation is long-term small population size on the islands, rather than transient effects. Except in the case of strongly deleterious mutations, homozygosity was always higher in island genomes relative to mainland genomes (p < 10 À7 ). The total number of deleterious alleles per individual on the islands relative to the mainland varied according to selection and dominance coefficients ( Figures 4B-4E ). In simulations in which mutations were additive, island genomes contained, on average, 9.97% more deleterious alleles per individual overall (p % 3.09 3 10 À5 ), primarily due to the accumulation of weakly and moderately deleterious alleles. However, numbers of strongly deleterious additive alleles were equivalent between the islands and the mainland, which is expected since these mutations sharply reduce fitness in both homozygotes and heterozygotes and are thus readily removed by selection in small and large populations.
In contrast, rare recessive mutations are exposed to selection more frequently in small populations due to elevated homozygosity and are therefore removed more efficiently than in larger populations. Although the total number of recessive deleterious alleles was not significantly different between individuals from the islands and the mainland, moderately and strongly deleterious recessive alleles were greatly depleted. Island genomes contained, on average, 37.1% fewer moderately deleterious recessive alleles (p < 10 À7 ) and 67.7% fewer strongly deleterious recessive alleles (p < 10 À7 ) compared to the mainland. Furthermore, there were no simulations in which the average number of strongly deleterious recessive alleles was higher in island genomes compared to the mainland ( Figure 4B ).
We also performed simulations under a range of smaller island population sizes (N = 500, 200, 100, and 50) to determine whether purging of strongly deleterious mutations still occurred. We expected that population size would modulate selection against deleterious alleles, as predicted by the nearly neutral theory, whereby mutations with jsj < 1/2N behave as if they are neutral despite their effects on fitness [21] . Overall, we found that purging of recessive deleterious alleles became weaker and the accumulation of additive deleterious alleles became more severe as population size declined (Table S6 ). However, exceptionally deleterious recessive alleles (s < À0.1) were always depleted in the smaller island populations (p < 10 À7 ). In sum, these findings suggest that individuals derived from historically small populations carry a reduced burden of strongly deleterious recessive alleles relative to individuals from a large outbred population, reducing the former's risk of inbreeding depression.
DISCUSSION
Our genomic analyses show that recent catastrophic bottlenecks had limited impact on island fox genomes, indicating that exceptionally low heterozygosity and higher levels of putatively deleterious alleles are caused by historically small population size. We confirm the apparent lack of inbreeding depression A B in island foxes through detailed morphological assessment and, through demographic simulations, demonstrate that this lack of inbreeding depression may be explained by purging of strongly deleterious alleles in persistently small populations. Potentially, the purging of strongly deleterious alleles in island foxes may have enabled their long-term persistence, as well as rapid recovery from recent severe bottlenecks. Sluggish recovery from bottlenecks is a characteristic of severely inbred populations [16, 22] . For example, the wolf population of Isle Royale National Park, founded less than a hundred years ago, is intensely inbred with evidence of inbreeding depression (Figure 1) , has not increased in size despite an abundance of prey, and is destined for extinction [15, 23] . Large outbred populations, such as the mainland source population for Isle Royale wolves, most likely carry a greater hidden load of recessive deleterious mutations, increasing the risk of inbreeding depression after population decline. Experiments with houseflies (Musca domestica) have found that purging with population persistence is more likely when the rate of inbreeding is slow, as might occur in a chronically small population, rather than fast, as in a sudden extreme bottleneck [24] . A previous history of purging of strongly deleterious recessive variants due to long-term small population size most likely preadapted island foxes to rapid recovery from recent bottlenecks.
Few examples of intentional inbreeding to facilitate purging of strongly deleterious alleles are known [25] , though purging as a result of long-term reduced population sizes may conceivably be a factor in other cases of persistence with low genomewide diversity [26, 27] . In contrast, examples of inbreeding depression are frequent in both wild and captive environments, and minimizing inbreeding is commonly a paramount concern of captive management efforts [28, 29] . Under long-term small See also Table S6. population size, weakly deleterious mutations may accumulate, slightly beneficial mutations may be lost, and depletion of genetic variation could compromise adaptability [1] . Rapid recovery of island fox populations after recent bottlenecks suggests that weakly deleterious mutations have not seriously compromised their fitness, at least for several thousand generations, though the progressive fixation and accumulation of such mutations over time is predicted to ultimately lead to mutational meltdown and extinction [30] . Our results suggest that this process may take place gradually over thousands of generations, if it occurs at all before other non-genetic factors cause extinction.
One final consideration in the persistence of island foxes is that historically, island foxes may have benefitted from a relatively benign environment. Recently, however, island fox populations have been threatened by anthropogenic changes in their environment (e.g., traffic collisions, novel diseases, and predators) [6] . A recent decline in the San Nicolas population due to unknown causes has resurrected the idea that genetic rescue, or human-assisted migration, may be necessary to preserve island fox populations [3, 9] . If the recent decline is not the result of inbreeding depression, but is rather due to environmental stressors, genetic rescue may not materially enhance the likelihood of population persistence and would compromise the genetic distinction of the population. Genetic rescue should not be used as a conservation technique for historically small populations, as on many islands, without compelling evidence of inbreeding depression. A systematic survey to detect inbreeding depression (assays of sperm quality, reproductive success, survivorship, etc.) is necessary before considering genetic rescue as a conservation strategy for island foxes. We advocate for continued close monitoring of island fox populations, ''watchful waiting,'' as in slowly developing cancers, to ensure a swift response in the event of a catastrophic decline.
In conclusion, the small population paradigm emphasizing an ''extinction vortex,'' partly driven by genetic factors [31] , may not be an appropriate model when purging of strongly deleterious alleles has occurred through historically small population size. Of course, the fate of many small populations may be extinction before purging can occur. However, the independent long-term persistence of all six island fox populations for thousands of years suggests that small populations on the order of a few hundred individuals can persist over evolutionary timescales and provides a model for the preservation of small fragmented populations.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
DNA samples from island foxes sampled in 2000-2009 from each population and from a Northern California gray fox were obtained from the archive of Dr. Robert K. Wayne for whole genome sequencing on Illumina HiSeq machines at the Vincent J. Coates Genomics Sequencing Laboratory at the University of California, Berkeley. Additionally, we sequenced DNA isolated from miscellaneous bone fragments from a San Nicolas island fox specimen collected in 1929 (#15477, Donald R. Dickey Collection, University of California, Los Angeles). Finally, we generated new higher quality sequence data from a 1988 Santa Rosa island fox, as the Santa Rosa genome from Robinson et al. [5] was of relatively low quality compared to the other sequences. Further sample details are provided in Table S1 . We incorporated the genomes from Robinson et al. [5] yielding a total of 16 genomes at 13-23X coverage.
METHOD DETAILS
Read alignment and processing followed the methods outlined in Robinson et al. [5] . Briefly, reads were aligned to the domestic dog reference genome, canFam3.1, with BWA MEM [32] , followed by removal of duplicate and low quality reads (reads with mapping quality Phred score < 30 and reads not mapped in proper pairs), base quality score recalibration with the Genome Analysis Toolkit (GATK [33] ), joint genotyping with FreeBayes [34] , and finally variant and genotype filtering. Variants that were not biallelic SNPs with Phred score R30, variant sites with more than 4 missing genotypes, and variant sites with more than 75% of genotypes called as heterozygous were filtered out. Heterozygous genotypes at sites with skewed allele balance (<0.2 or >0.8) were also excluded. Sites in CpG islands, repetitive regions, or with excess depth (>99 th percentile total depth) were masked. At least two observations of the alternate allele on each of the forward and reverse strands were required as evidence of a variant site. Further, genotypes with fewer than 6 supporting reads, with Phred score less than 20, or with depth greater than the 99 th percentile for a given individual were filtered out. REAGENT Raw whole genome sequence reads [5] and this study BioProjects PRJNA312115, PRJNA478450 
QUANTIFICATION AND STATISTICAL ANALYSIS
Analysis of variation in island and gray fox genomes
We evaluated the genetic distance between individuals with a maximum-likelihood phylogenetic tree and principal components analysis (PCA), both based on a set of 12,249 SNPs pruned for linkage disequilibrium (maximum = 0.2) with a minimum minor allele frequency of 0.1 and no missing data. The pruning and PCA were conducted with SNPRelate [35] . The tree was generated in SNPhylo from 1,000 bootstrap replicates [36] . We assessed genetic diversity by calculating heterozygosity, here defined as the number of heterozygous genotypes divided by the number of called sites within a single individual. Heterozygosity was calculated for the entire autosomal genome and in 100 kb sliding windows with a 10 kb step size. Windows with more than 20% of sites failing quality filters, or with fewer than 20 kb of confidently called sequence were excluded. Peaks of heterozygosity within a genome were defined as windows with heterozygosity greater than two standard deviations above the mean, based on the genome-wide distribution of per-window heterozygosity. Overlapping windows of high heterozygosity were merged using BEDTools [37] . Peaks were assessed for putative functional relevance by conducting a gene ontology enrichment analysis in gProfileR [38] . The g:SCS correction method within gProfileR was used to assess significance.
Since analysis of olfactory receptor genes may be complicated by their elevated rate of evolution, which could produce technical artifacts due to improper read alignment, we employed several stringent filters (described above) that should reduce the inclusion of likely gene paralogs in our analyses. These filters excluded regions of excessive depth (indicating possible gene copy number differences) and low sequence complexity (indicating repetitive or non-unique sequence), reads with low mapping quality (indicating non-unique alignment or excessive mismatches to the reference), variants with skewed allele balance in heterozygotes or excess heterozygosity, and windows with a large fraction of sites failing filters. Manual inspection of a subset of San Nicolas heterozygous peak regions revealed few that were obviously the result of alignment errors, although this possibility cannot be ruled out with the existing data. We confirmed that technical differences were not driving variation in peaks containing OR genes between San Nicolas genomes by determining that >98% of peaks overlapping OR genes were confidently called across all four individuals.
Coordinates of the set of 13,647 putatively neutral 1-kb loci in the dog reference genome were those employed by Robinson et al. ( [5] , originally from [41] ). These regions were designed to be distant from functional regions (R10 kb from coding sequence, R100 bp from conserved non-coding sequence) while excluding regions likely to have problematic alignment due to repetitive content or low mappability, and were spaced R 30 kb apart to reduce the effects of non-independence due to linkage. Coordinates of zero-fold degenerate sites (where all mutations are amino acid-changing) and four-fold degenerate sites (where all mutations result in the same amino acid) within protein-coding regions were those employed by Robinson et al. ([5] , originally from [42] ). Levels of deleterious variation were evaluated by calculating the proportion of derived alleles per genome at synonymous and non-synonymous sites in coding regions as follows.
Variant annotation was conducted with Ensembl's Variant Effect Predictor (VEP [39] ) and the Sorting Intolerant From Tolerant (SIFT [40] ) tool. SIFT classifies non-synonymous mutations at each site as likely to be deleterious or tolerated on the basis of amino acid conservation across taxa. Following Robinson et al. [5] , likelihood ratio tests were used to evaluate whether the proportion of homozygotes and the proportion of derived alleles differed significantly between gray and island foxes at synonymous, tolerated, deleterious, and LOF variant sites. The test compared the likelihoods under two models; under the null model, there is a single mean value (q) for all gray and island foxes, and under the alternative model, the island fox mean (q i ) may differ from the gray fox mean (q g ). Loglikelihood values for the null and alternative models were used to calculate the likelihood ratio test statistic, L = À2(log-likelihood nulllog-likelihood alternative ). Asymptotically, L is c 2 -distributed with one degree of freedom. This distribution was used to calculate p values. For allele tests, the null model assumes the ratio of q i to q g found at synonymous SNPs. This is a conservative test of whether the difference in the proportion of derived alleles between island and mainland foxes is greater than that seen at synonymous SNPs, which should be equivalent under neutrality, but was found to differ slightly, reflecting possible technical biases such as the undercalling of heterozygotes.
Coalescent simulations under San Nicolas demographic models
We performed neutral coalescent simulations in msprime [11] under plausible models of San Nicolas demographic history to evaluate empirical patterns of genome-wide diversity in this population. The parameters of demographic models inferred in Robinson et al. [5] were used. Briefly, these parameters were obtained through approximate Bayesian computation, and were designed to match observed levels of heterozygosity within 13,647 putatively neutral 1-kb loci (described above) in the 1988 San Nicolas genome. Parameter values from the 100 models with the best fit to the empirical data constituted the posterior distribution. Here, we sampled parameters with replacement from the joint posterior distribution 1,000 times to simulate complete San Nicolas genomes under neutrality. The simulated genomes consisted of 220 ''chromosomes'' of 10 Mb in length to emulate the size of the autosomal dog reference genome. We used a mutation rate of 2 3 10 À8 per site per generation, and assumed a generation time of one year. A single per-site recombination rate was randomly sampled for each chromosome, drawn from the recombination rates inferred in a study in dogs [43] . The genome architecture, mutation rate, and recombination rates were chosen to be consistent with Robinson et al. [5] .
Within each simulation, we randomly sampled one individual in the generation corresponding to the year 1929, two individuals in 1988, and one individual in 2000, and obtained the coordinates of peaks of heterozygosity within these genomes as we did in our analysis of the empirical data. Specifically, we calculated heterozygosity in 100 kb windows with a 10 kb step size for each individual.
To take into account the variance in missing data rates across windows in the sequenced genomes, we randomly selected a subset of sites within each simulated window to match the number of sites observed empirically in each San Nicolas genome. Overlapping windows were merged prior to calculating the number of peaks of heterozygosity, the mean width of peaks of heterozygosity, and the proportion of unique peaks within each individual. To determine whether the empirical values we obtained from the sequenced genomes were expected based on the simulated results, we calculated the percentile rankings of where the empirical values fell within the distributions obtained from simulation. In all cases, the empirical values fell within the middle 95% interval of the simulated statistics, implying that the empirical results are expected under neutrality in San Nicolas demographic models.
Morphological assay of gray and island fox museum specimens Skulls (n = 141) and complete skeletons (n = 163) of adult gray and island foxes sampled between 1929 and 2013 were obtained from collections in the Los Angeles County Museum of Natural History, the Santa Barbara Museum of Natural History, and the Donald Ryder Dickey Bird and Mammal Collection at the University of California, Los Angeles. Specimens were placed in anatomical position and surveyed for skeletal abnormalities including irregular development, healed fracture, and bony growths (from infection, muscle traction or other causes). Vertebrae were identified and counted with the exception of distal caudal vertebrae, which were missing from many specimens, and are also variable between islands. Specimen information and morphological descriptions are available in a table archived at https://doi.org/10.5281/zenodo.1345794.
We defined ''congenital'' abnormalities as pathologies of the axial skeleton not related to trauma or injury. Observed congenital defects included extra vertebrae, transitional vertebrae (LSTV: malformed final lumbar vertebra with characteristics of a sacral vertebra, SCTV: malformed final sacral vertebra with characteristics of a caudal vertebra), and maloccluded teeth. LSTV is implicated in function impairment but SCTV has no clinical significance [15, 44] . Malocclusion has been found to have a significant genetic component in small canids generally [45, 46] and in reproductively isolated fox (Vulpes vulpes) populations specifically [47] . A genetic basis has not been established for extra vertebrae or transitional vertebrae, but the high incidence of congenital vertebral anomalies in highly inbred wolf populations on Isle Royale and in Scandinavia implies that there is a heritable component in canids [14, 15] . Vertebral abnormalities are absent or rare in outbred wolf and coyote (Canis latrans) populations that have been surveyed [14, 15, 48] .
We binned traumatic pathologies into a broad category of ''trauma'' and a more conservative category of trauma resulting from collision with a vehicle. Injury pathologies were broadly defined to include fracture, infection, osteoarthritis, osteophytes and evidence of abnormal muscle use (e.g., traction, roughened insertion). Only healed injuries were recorded, thus all foxes obtained as traffic fatalities were counted only if they had previously survived a collision. Thus, the frequency of vehicle collision rates is an underestimate. To identify probable vehicle collisions, we expanded the diagnosis of Harris [49] in which multiple bones from the same side of the body were fractured, particularly in the hindlimb and ribs. In our analyses, evidence of muscular strain on the same side as multiple fractured elements were included as evidence of trauma to that side of the body, since we surveyed animals that survived collisions but Harris necropsied fresh traffic fatalities.
Fisher's exact test was used to test for significant differences in the prevalence of congenital and traumatic pathologies between island and mainland foxes. Additionally, relative risk scores for congenital and traumatic pathologies were calculated for all population pairs. The relative risk score is the ratio of the incidence of pathology between two populations, where incidence is defined as the number of individuals with the pathology divided by the number of individuals examined. For example, if the incidence of pathology in one population is 1/10, and the incidence in a second population is 2/50, the relative risk of pathology in the first population relative to the second is 0.1/0.04 = 2.5; likewise the relative risk in the second population relative to the first is 0.04/0.1 = 0.4. Statistical significance was determined by calculating relative risk scores in 1,000 permutations where population labels were assigned to specimens at random. Empirical relative risk scores greater than the 95 th percentile of scores obtained through permutation were deemed significant.
Forward simulations of genetic variation in island versus mainland populations
We simulated neutral and deleterious variation under six different demographic models, each involving the establishment of a small island population (N = 1,000, 500, 200, 100, or 50 individuals) from a large mainland population (N = 10,000 individuals) to evaluate the possibility of purging in island populations. Simulations were conducted with SLiM [20] . In the most basic model (Split Model), an island population of is established by sampling individuals from the mainland population with replacement, such that the mainland population is unaffected by the formation of the island population. The mainland population was kept at constant size for 10,000 generations. A range of island population sizes was chosen because census sizes of island fox populations vary from a few hundred to just under 2,000 individuals per island [8] . Recent estimates suggest an initial colonization of the islands by foxes at $9,200 years BP [4] , and we assumed a one-year generation time. The purpose of the basic split model was to compare a small population against a larger one, without any additional complexities (e.g., inbreeding).
The other five models are variations on the split model, reflecting plausible elements of island fox history, specifically: 1) an ancient bottleneck to simulate a small founding population (Ancient Bottleneck Model); 2) a recent bottleneck 30 generations ago, such as may have occurred in San Nicolas during the 1970s [10] (Recent Bottleneck Model); 3) a serial bottleneck (at 10,000 and 2,000 generations ago) to mimic the possibility of serial colonization of the Northern and then the Southern Channel Islands (Serial Bottleneck Model); 4) a model in which the island population is initially large (N = 2,000 for $2,000 generations), as may have occurred if the foxes initially the Northern Channel Islands when they constituted a single landmass (Santarosae) when sea levels were lower > 10,000 years ago [50] (Big Island Model); and 5) a model with recent strong inbreeding, where individuals are twice as likely to mate with close relatives than non-kin (Inbreeding Model). All bottlenecks consist of a starting population of ten individuals that doubles in size each generation until the final population size (1,000, 500, 200, 100, or 50 individuals) is reached.
Each simulated individual consists of a diploid 2 Mb genome, consisting of 2,000 ''genes'' carried on 38 chromosomes proportional to chromosome lengths in the dog genome. Note that this number of genes is approximately 1/10th the number found in the dog genome. Each gene was represented by a contiguous 1 kb sequence that accumulated mutations at a rate of 1 3 10 À8 per nucleotide per generation. 30% of these mutations were selectively neutral, and the remaining 70% were deleterious, with selection coefficients drawn from a gamma distribution of fitness effects [51] . Recombination was incorporated by including a single base pair in between each gene that did not accumulate mutations, but where crossovers occurred at a rate of 1 3 10 À3 per site per generation. This was done to mimic intergenic regions 100 kb in length with a recombination rate of 1 3 10 À8 per site per generation without simulating extraneous non-coding sequence. Each model was run for 10,000 generations following a 100,000-generation burn-in period.
The average number of alleles and the average number of homozygous alleles carried by each individual were calculated for deleterious (s < 0) and neutral mutations (s = 0). We grouped deleterious mutations arbitrarily as strongly (s < À0.01), moderately (À0.01 % s < À0.001), and weakly deleterious (À0.001 % s < 0). We categorized deleterious mutations by selection coefficient (s), rather than population-rescaled coefficients (Ns), specifically to explore the effects of different population sizes on the accumulation/ depletion of mutations with non-zero selection coefficients. Within a simulation, deleterious mutations were either entirely additive (h = 0.5) or entirely recessive (h = 0.0). Fifty replicates were performed for each dominance value and each island size (N = 1,000, 500, 200, 100, or 50) under each of the six models (3,000 simulations total). One-way ANOVA and Tukey HSD post hoc tests were used to evaluate significant differences in the number of total alleles and the number of homozygous alleles between different models.
DATA AND SOFTWARE AVAILABILITY
All newly generated raw whole genome sequence reads have been deposited in the NCBI Sequence Read Archive under BioProject PRJNA478450. Previously sequenced reads from Robinson et al. [5] are available under BioProject PRJNA312115. A table containing museum specimen information and phenotypic descriptions used for the morphological assessment is available at https://doi.org/ 10.5281/zenodo.1345794. Scripts for coalescent and forward simulations are available at https://github.com/jarobin/islandfox2018, and archived at https://doi.org/10.5281/zenodo.1345812.
